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In studies of salt absorption by plant roots, the rate of uptake is usually expressed as a simple function of concentration. From data plotted in such a manner, however, only limited interpretation can be made. Judicious use of the Michaelis-Menten equation, which is based on mass action expression of steady state kinetics, makes it possible to analyze still further certain aspects of ion absorption; but, the limitations of this concept must be recognized. Among the first to use it in salt absorption by plant roots were Epstein and Hagen (3) who applied it to elucidate the nature of the inhibition of Rb uptake by other cations.
The Michaelis-Menten equation can be employed to give a linear relationship between absorption rate and concentration over a limited concentration range. Over a wide range in concentrations, however, a nonlinear relationship is observed. This has been interpreted as indicating the participation of 2 sites or processes in cation uptake (5) .
In this work, it was found that the rate of Rb uptake (v) by barley and mung bean roots can be expressed as a function of concentration (C) over a wide range in concentrations, from about 10-6 to 5 X 10-3 M, by an equation similar to the Freundlich adsorption isotherm. Thus, v = kCn I or log v = nlog C + log k where n and k are parameters. An expression of this form appears to fit data obtained over a limited range by earlier workers (12, 13 10 Amoles/liter, 0.3 g root in 30 ml. figure 5 where the process appears to become first order at 22°. This first order relationship holds below 5 X 10-7 M when the temperature is lowered to 11°, but is not valid above 5 X 10-8 M at 6°.
Deviations from equation Ia can also occur at o3ncentrations above 3 X 10-3 M when another variety of barley is used (fig 6) . The presence of Ca in the absorption medium, however, prevents the deviation.
Discussion
An original purpose for using equation I and its integrated form, equation II, was to determine the apparent reaction order for uptake of an ion, Rb +, as a test for the applicability of the Michaelis-Menten equation to salt uptake. The principles of enzyme kinetics require the rate of uptake to change from zero order, at high concentrations, to first order with respect to substrate concentration, at low concentrations (7). Van't Hoff (10) suggested that the order of a reaction apparently involving only one reactant is given by the exponent n in equation I. Figure 5 showed that n becomes one below 10-6 M at 22°as expected from the Michaelis-Menten equation. However, the value of n does not approach one at 60 even at 5 X 10-8 M. This suggests that this limiting value of n = 1 with decrease in concentration could be due to the (liffusion of ions from the medlium to absorption sites becoming the rate-limiting process.
Plots of a form of the Michaelis-Menten equation
KmZ' /C + Vmaj.) (6) for the results given in figure 1 are presented in figure 7 . (2) has recently reviewed such data. The results presented in this paper (1o not apply to them; however, they will be considered in future publications.
Recently, Epstein et al. (4) have publishedl data which they have interpreted as strong proof for 2 sites in cation uptake. They found that at low salt concentrations the absorption rate of K or Rb is independent of the nature of the accompanying anion, but at higher salt concentrations the rate is dependent on the nature of the accompanying anion-a higher rate with Cl-than with the SO,=. They concluded from these results that K and Rb are absorbed through 2 sites when they are with Cl-and only one site when with SO4=. On the other hand, Jackson and Adams (8) (4) is most likely inadequate to prevent such increases by the Cl-ion. The SO4-ion appears to be less effective in this respect than the Cl-ion.
Epstein et al. (4) have also showed that Na is more inhibitory to K absorption at higher K concentrations than at lower concentrations. They cite these results as additional evidence for 2 sites. However, since the relative affinity of K ions for absorption sites in barley roots appears to be greater than that of Na ions, one would expect such results even witlh one site fronm known principles of base exchange. In ad(lition, at higher salt concentrations an increase(d accessibility to absorption sites could occur, resulting in the larger, hydrated Na ion competing more effectively against the snmaller K ion. Consequently, these kindls of results shoul(d not be taken as conclusive evidence for 2 sites.
Although there mliglht be several reasons why the apparent order for Rb absorption is fairly constant an(l of a fractional value, a likely explanation couldl be found in the integratecd Miclhaelis-Menten equation (7):
where xo represents the initial substrate concentration and X the concentration at any time, t. The relative magniitude of the 2 terms in the right si(le of the equation will (letermine the ordler of the reaction. The reaction will be first order when the concentration of substrate is low or Km large, and will be or approach zero ordler wvhen the converse conditions exist. In other words, the attractive forces between Rb+ and its absorption site and the build up of concentration near the site, especially at low concentrations (1), would tend to make and nmaintain the apparent order of the reaction much less than one. If this explanation is right, correction for these effects might be necessary when using the Michaelis-Menten equation over a wide concentration range. It is of interest to point out here that according to MoelwynHughes ( 11 ) surface reactions are characterized by a fractional order, and the rate equation for such reactions is similar to the equation for a Freun(dlich adsorption isotherm.
At high Rb concentrations, departure from the linear form of equation Ia is observed under certain conditions ( fig 6) . This can be due to the high salt concentrations bringing about changes in the membrane resulting in an increase in absorption sites (or pores) and/or their becoming more accessible (or porous). Salt absorption under such conditions could become one of mass flow, especially if ions move through charged pores. Although Atlas barley roots do not show a change in the order up to 5 X 10-3 M RbCl in an alkaline medium, Trebi barley roots show an increase in the order above 3 X 10-3 M RbCl in an alkaline medium and from 6 X 10-3 M RbCl in a slightly acid medium (pH 5.7). This increase can be prevented by Ca. In the first medium a Rb: Ca molar ratio of 2: 1 is necessary to prevent the increase, but in the second medium the ratio is 5: 1. In other words, Rb absorption rates in the presence of Ca fall along the dashed line in figure 6 as expected, and the amount of Ca required decreases with decreasing pH. These results support the well known observation of the essentiality of Ca for membrane integrity. Perhaps, there might be some relationship between this phenomenon and sensitivity of some plants to saline conditions. At concentrations where n is reasonably constant, the constancy of its value might be utilized to determine absorption rates for such ions as NH4+, Mg+ +, and possibly NO3-for constant concentrations. Such data for these ions are scarce because of the lack of suitable radioisotopes. By following the concentration changes during absorption and applying equations 2 and 1, absorption rates at constant concentrations can be calculated.
If the explanation utilizing the integrated Michaelis-Menten equation to explain the constant and fractional value of n is correct, this value might be used as a relative measure of affinity between an ion and its site. When interpreted in this manner, the smaller values of n for barley roots than for mung bean roots (fig 1) would suggest that barley roots have a relatively stronger affinity for Rb ions than mung bean roots.
Since the results presented showed that the rate of Rb absorption can be represented by an equation similar to that for the Freundlich adsorption isotherm, it is concluded that this kinetic analysis of Rb absorption by barley roots indicates that adsorption-adsorption near absorption sites and not that on other charged sites-plays an important role in the process of cation absorption. An exchange reaction is probably also involved at absorption sites (9).
Summary
Rubidium absorption by excised barley roots (Hordeumn vulgare L., var. Atlas 46) was studied under conditions of constant and changing Rb concentrations over a wide range in concentrations. Under constant concentration, the rate of absorption in an alkaline medium was found to fit an equation of the form, rate of absorption = constant x concentration", from about 10-6 to 5 X 10-3 M. The integrated form of the equation gave an expression which related the concentration to time during uptake under conditions of changing Rb concentration. The exponent n was interpreted to give an apparent order of the absorption process or the coefficient of the Freundlich adsorption isotherm.
An abnormal increase in the apparent order was shown by Trebi barley roots at high Rb concentrations. This increase can be prevented by Ca.
Graphical methods of analysis are proposed to determine relative affinities of plant roots for cations and absorption rates for ammonium, magnesium, and possibly nitrate ions.
It is concluded that Rb absorption by roots is probably an adsorption-exchange process.
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